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A solid body of evidence exists from experimental investigations and intervention studies for the association of dietary energy density (DED) with weight gain, increased energy intake (EI) and obesity (1 -3) . Body weight status (4) , BMI (5) , waist circumference (6) , obesity and the metabolic syndrome (7) have all been found to be positively associated with DED in cross-sectional studies, providing evidence that the observations extend to free-living populations. A relationship between DED and the nutritional quality of the diet has also been highlighted; lower DED has been reported to be associated with higher dietary quality in Irish children and teenagers, American adults, Spanish adults and elderly Spanish adults (8 -11) and with intakes of foods and nutrients related to better dietary quality in Mediterranean, Australian and American adults (12 -15) . DED has also been proposed as a potential proxy for dietary quality (16) , and low DED has been reported to be associated with a trend towards a healthier lifestyle, including lower alcohol consumption, smoking and physical inactivity, in a representative sample of Spanish adults (10) .
To date, there have been no estimations of DED in an Irish population. As DED is associated with dietary quality and with obesity, it is worth estimating DED values for the population. This will allow tracking of secular trends and enable comparison with those of other countries. It is also worth distinguishing the dietary components that influence DED in free-living populations to explain differences in DED estimates and to ascertain potential targets for public health messages to lower DED estimates. The National Children's Food Survey (NCFS), the National Teens' Food Survey (NTFS) and the National Adult Nutrition Survey (NANS) together form a nationally representative sample of the Irish population aged 5 -90 years that provides fully disaggregated habitual food consumption data at the level of the individual from which calculation of such estimates is possible.
The aims of the present study were to calculate and present DED estimates for a nationally representative sample of the Irish population and to identify dietary determinants of DED in a free-living population.
Methods

Study sample and dietary intake assessment
The NCFS (2003 -4) , the NTFS (2005 -6) and the NANS (2008 -10) were carried out to establish databases of habitual food and drink consumption in representative samples of Irish children, adolescents and adults aged 5 -12, 13 -17 and 18 -90 years, respectively. A 7 d weighed food record was used to collect dietary intake data from 594 children (293 boys and 301 girls), a 7 d semi-weighed food record was used to collect dietary intake data from 441 adolescents (224 boys and 217 girls), and a 4 d semi-weighed food record was used to collect dietary intake data from 1500 adults (760 females and 740 males). Analyses of dietary intake data were carried out using WISP q (Tinuviel Software), which contains McCance and Widdowson's The Composition of Foods, 6th edition (17) , 5th edition (18) plus supplemental volumes (19 -28) and the Irish Food Composition Database (29) . 
Estimation of dietary energy density
DED was estimated as kJ/g and was calculated using three different methods by taking the following into account: (1) energy and weight of the total diet; (2) energy and weight including only foods and excluding all beverages (i.e. all solid foods and liquid-like foods such as yogurts and soups included and all beverages excluded); (3) energy and weight of all foods and solids in beverages (values for solids in beverages were calculated by removing the water portion of each food code).
Estimation of dietary energy density accounting for under-reporters for energy DED was estimated both including and excluding underreporters for energy (UR). For each child and teenager, BMR was predicted from standard equations using body weight and height (30) . Minimum EI cut-off points, calculated as multiples of BMR (31) , were used to identify UR. In the study sample, 32 % of children and 64 % of teenagers were classified as UR.
In adults, body composition was measured using the Tanita body composition analyser BC-420MA, which calculated BMR through multiple regression analysis using fat-free mass values (Tanita Limited). EI is expressed as a ratio of BMR (EI:BMR). The cut-off limits proposed by Goldberg et al. (32) to classify individuals as UR were used. The cut-off point relevant to the NANS was 1·10; 30 % of the participants had an EI:BMR est below this value.
Statistical analyses
Statistical analyses were conducted using SPSS q version 15.0 for Windowse (SPSS, Inc.). DED was estimated and expressed as mean, median and standard deviation by sex and age group. An independent-samples t test and a two-way between-groups ANOVA were conducted to evaluate differences in DED estimates by sex and age group.
The dietary determinants of DED were identified by categorising the participants by tertile of energy, macronutrient and food group intakes into low-, medium-and high-or non-, low-and high-consumer groups of each. The participants were categorised into consumers and non-consumers for some less consumed food groups. A one-way ANOVA or an independent-samples t test was used to test for significant differences (P,0·05) in means across consumer groups. Significant differences between the groups were determined using ANOVA followed by Tukey's honestly significant difference or Hochberg's GT2 post hoc test where appropriate.
Post hoc tests were chosen depending on similarity between sample sizes and homogeneity of variance between the groups (as determined by Levene's test). The effect size of the significant differences between consumer groups was calculated as follows: h 2 ¼ sum of squares between groups/total sum of squares (values $0·01 indicate a small effect, $ 0·06 a medium effect and $ 0·14 a large effect, as classified by Cohen (33) ). Food intake patterns that may explain the difference in DED estimates between sexes and with age were estimated by examining food group intakes across age groups in males and females separately. For this purpose, the participants were categorised into three age groups: 5 -18; 19-50; 51 -90 years. ANOVA was used to test for significant differences (P, 0·05) in mean intakes across age groups. Significant differences between the groups were determined using ANOVA followed by either Tukey's honestly significant difference or Hochberg's GT2 post hoc test. A one-way between-groups ANCOVA was used to test for significant differences between sexes adjusted for age.
Secular trends and generational effects
The DED estimates of a subsample from the NANS (those aged 18 -64 years, n 1274) were compared with estimates calculated for the participants of the North/South Ireland Food Consumption Survey (NSIFCS), 2001 (n 1379). The NSIFCS was carried out 10 years before the NANS and included a representative sample of adults aged 18 -64 years living in Ireland. Dietary intake data were collected using a 7 d food record. A full description of the survey design and methodology of the NSIFCS has been published previously (34) . Differences in DED estimates calculated for the NANS and NSIFCS were examined using a one-way betweengroups ANCOVA. This comparison also allowed to assess the possibility of a generational effect on trends observed between DED and age groups in the cross-sectional analysis.
Results
For each of the three methods, DED estimates were inversely associated with age group (P linear trend , 0·001) and females had lower mean DED estimates than males (P,0·001) ( Table 1) . DED estimates were lower for females in all age groups (P,0·001).
Mean DED estimates calculated excluding UR (see online supplementary Table S1 ) were similar to those calculated for the total population and trended similarly by sex and across age groups. Exclusion of UR resulted in estimates similar to those calculated for the total population regardless of the calculation method used.
Determinants of DED did not vary by the calculation method. Determinants are thus only presented for DED calculated by including energy and weight of all foods and solids in beverages.
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breakfast cereals (RTEBC), processed meat, sugar-sweetened beverages (SSB), savoury snacks, chocolate and nonchocolate confectionery, savouries, alcohol and potato products (P,0·001). Variation in the intakes of vegetables, fruit and SSB (g/10 MJ) was found to be associated with the largest differences in mean DED estimates between consumer groups (h 2 : vegetables 0·32, fruit 0·21 and SSB 0·20). Differences in the intakes (g/10 MJ) of potatoes, fresh meat, brown bread, bananas, fish, white bread, chips, RTEBC, and chocolate and non-chocolate confectionery also contributed to the differences in DED estimates, but to a lesser extent (h 2 : 0·06-0·13).
To explain the lower DED estimates obtained for females and the inverse association of DED with age, energy-adjusted intake patterns of macronutrients and dietary fibre and of the food groups that contributed to the largest variation in mean DED estimates were examined across age groups, split by sex (Table 3) , and between sexes, adjusted for age (Table 4 ). Higher intakes of protein, total sugar (%TE) and dietary fibre (g/10 MJ) and lower intakes of carbohydrates (%TE) were found to be associated with older age groups (P, 0·001). The intakes (g/10 MJ) of vegetables, fruit, fish, potatoes, fresh meat and brown bread were significantly higher (P,0·001) in older age groups in males and females, while the intakes (g/10 MJ) of SSB, chocolate and non-chocolate confectionery, RTEBC, savoury snacks, chips and white bread were significantly lower (P, 0·001). The intakes of fat (P ¼ 0·007), carbohydrates, total sugar (%TE) and dietary fibre (g/10 MJ) (P, 0·001) were higher in females than in males, while those of energy (kJ) (P, 0·001) and protein (%TE) (P¼0·003) were lower. The intakes of vegetables, fruit, chocolate confectionery and savoury snacks were significantly higher in females than in males (P,0·001) and those of potatoes (P ¼ 0·020), RTEBC (P ¼ 0·001) and white bread (P, 0·001) were significantly higher in males than in females.
The DED (calculated including energy and weight of all foods and solids in beverages) estimates of the NSIFCS participants were also inversely associated with age group (P, 0·001) and females had lower DED estimates than males (P, 0·001). Mean DED was 8·50 (SD 1·55) kJ/g for males and 7·10 (SD 1·59) kJ/g for females. Comparison of DED estimates of the sample from the NSIFCS and the comparable subsample from the NANS, split by age and sex, is shown in Fig. 1 . The mean DED estimate obtained for women, adjusted for age, in the NSIFCS did not differ significantly from that obtained for the subsample in the NANS (P ¼ 0·427). However, DED estimates obtained for men in the NSIFCS were significantly lower than those obtained for men in the NANS (P, 0·001); over the 10 years, differences were apparent in only two age groups: 41 -45 (P ¼ 0·015) and 56 -60 (P ¼ 0·019) years.
Discussion
In the nationally representative free-living Irish population aged 5 -90 years included in the present study, DED estimates were higher for males than for females and were inversely associated with age group. Little difference was observed in DED estimates calculated for adults between the two surveys carried out 10 years apart. The intakes of fruit, vegetables and SSB were the major dietary determinants of DED in this population.
Many methods have been proposed for the calculation of DED and there is little consensus as to which is the most appropriate method for free-living populations (35 -37) . Part of the difficulty lies in the high dependency of DED on the amount of water in the diet. The treatment of beverages is therefore important, as the inclusion of beverages has a lowering effect on the resulting DED estimates (37) . Variation in the associations of dietary and anthropometric factors with DED, depending on the method of computation, has been acknowledged (9, 14, 35) . Johnson et al. (38) proposed calculating DED by excluding drinks and including energy contributed by drinks as a covariate in analyses as the most reliable method for testing the relationship between DED and weight gain in free-living humans. The energy derived from beverages may be an important factor in the causation of obesity, in particular, from SSB, which have been reported to be independently associated with obesity (39) . In the present study, nationally representative estimates of DED calculated using three different calculation methods were evaluated. Although the DED estimates differed, the determinants and age-sex trends did not. As such, the primary analysis was focused on DED estimates calculated using a novel method: including energy and weight of all foods and solids in beverages. This approach aims to remove the bias that including beverages can introduce in DED estimates while taking into account the contribution of beverages to EI and as such has potential as a standardised method for further publications.
There was little difference in mean DED estimates on including and excluding UR. Trends in DED estimates across sexes and age groups were constant irrespective of accuracy in reporting energy. Other studies have also reported energy under-reporting as having no substantial effects on DED estimates (10, 16) . Thus, the trends in DED estimates with population demographics and associations of dietary intake with DED were investigated by including all participants.
It is difficult to compare these estimates with published estimates from other populations as the methods used for calculating DED vary considerably, as discussed above. This further highlights the need for a standardised method. The DED estimates calculated for the Irish population using the food only method were found to be remarkably similar to those calculated for a sample from Northern Ireland (40) , higher than those for a sample from Spain (10) and lower than those for a sample from the USA (37) . Some consistent trends were observed across the data; females have been reported to have lower DED estimates in child and adult groups in a number of studies (7, 10, 14, 16, 37) ; similarly, Irish DED estimates were lower for females than for males. In keeping with the Irish data, a decrease in DED with age has been observed; Mendoza et al. (7) reported a peak in DED at the age of 7 -8 years and a decline thereafter in US children, while Kant & Graubard (14) reported a lower mean DED in US adults aged .50 years than in those aged #50 years, and Ledikwe et al. (37) found that those aged $70 years had significantly lower DED estimates than other age groups.
DED is primarily determined by the water and fat contents of the diet (41) . Studies have shown a positive association of EI with DED (2) and associations of lower DED with higher fat, added sugar and dietary fibre intakes and lower protein and carbohydrate intakes (14, 42) . Fruit and vegetables are the food groups most commonly associated with lower DED in the literature (8, 14, 16) . In the present study, higher intakes of energy (kJ), fat (%TE), carbohydrates (%TE) and total sugar (%TE) were found to be associated with higher DED estimates, while higher intakes of protein (%TE) and dietary fibre (g/10 MJ) were found to be associated with lower DED estimates. Variation in the intakes of fruit, vegetables and SSB had the greatest effect on mean DED estimates, followed by that in the intakes of potatoes, fresh meat, brown bread, white bread, chips, RTEBC, and chocolate and non-chocolate confectionery. Higher intakes of fruit, vegetables, potatoes, fresh meat and brown bread were associated with lower DED estimates, while higher intakes of SSB, white bread, chips, RTEBC, and chocolate and non-chocolate confectionery were associated with higher DED estimates.
In an attempt to explain the lower DED estimates obtained for females and the inverse association of DED estimates with age group, energy-adjusted intake patterns of nutrients and the food groups that explained large amounts of variance in DED estimates in the population as a whole were examined across sexes and age groups. As DED decreased across age groups, intakes of all dietary components examined that were associated with higher DED estimates in the total population decreased and those associated with lower DED estimates increased. In particular, the intakes of fruit and vegetables increased and those of RTEBC decreased considerably across age groups, with the intakes of vegetables in 5-to 18-year-olds more than doubling when compared with those in the 51 -90 years age group and those of RTEBC decreasing 3-fold. The disparity in DED estimates between sexes is less clearly explained by differences in consumption patterns. Females consumed significantly more fat, carbohydrates, total sugar, dietary fibre, fruit, vegetables, chocolate confectionery and savoury snacks and less energy, protein, potatoes and RTEBC when compared with males. Of particular interest is that females consumed 1·5 times more fruit and vegetables combined when compared with males.
The downward trend in DED estimates with age group should not be interpreted as longitudinal variations in DED, as the present analysis is based on cross-sectional data and generational effects are possible. However, to examine the potential generational effect, estimates calculated for adults from the NSIFCS were compared with those calculated for a subsample, comparable for age and sex, of adults from the NANS. Little difference was observed in Irish DED estimates over time, adding credibility to the presence of an inverse association between DED and age group.
In conclusion, differences in food choices, in particular, fruit, vegetables and RTEBC, explain the variation in DED estimates by age group and sex. The intakes of fruit, vegetables and SSB appear to have the greatest influence on DED in the Irish population and are potential targets for public health interventions. DED estimates calculated for Irish adults have not changed appreciably in the last 10 years. The DED estimates calculated in the present study are the first nationally representative estimates for an Irish population and are reported by sex and age group to serve as a baseline for future studies and public health interventions.
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